Brown, R. L., Chen, Z.-Y., Cleveland, T. E., and Russin, J. S. 1999. Advances in the development of host resistance in corn to aflatoxin contamination by Aspergillus flavus. Phytopathology 89:113-117.
Aflatoxins, the toxic, highly carcinogenic secondary metabolites of Aspergillus flavus and A. parasiticus, are the most widely investigated mycotoxins due to their role in establishing the significance of mycotoxins in animal diseases and regulation of aflatoxin contamination in foods (45) . Aflatoxins pose serious health hazards to humans and domestic animals because they frequently contaminate agricultural commodities (9, 12) . More than 50 countries have established or proposed regulations for controlling aflatoxins in foods and feeds (18) . The U.S. Food and Drug Administration (FDA) has set limits of 20 ppb, total aflatoxins, for interstate commerce of food and feed and 0.5 ppb of aflatoxin M 1 for sale of milk. Recognition of the need to control aflatoxin contamination of food and feed grains, potential health hazards of contamination, and strict governmental regulation has elicited a variety of approaches from researchers to eliminate aflatoxins from susceptible crops, such as corn, cottonseed, peanut, and tree nuts. However, development of preharvest host resistance to aflatoxin contamination is probably the best and most widely explored strategy, because A. flavus infects affected crops prior to harvest (25) . The preeminence of the host resistance strategy in corn production also is due to several recent research advances. The purpose of our review is to highlight recent advances in and their contributions to the development of corn host resistance against aflatoxin contamination.
CURRENT PRACTICES FOR MANAGING AFLATOXIN CONTAMINATION
Preventive measures for controlling aflatoxin contamination in the field focus on prevention of fungal penetration, growth, and subsequent toxin formation in seeds. Preventive measures (other than breeding for resistance) include good cultural practices, harvesting at the optimum stage of maturity and rapid drying after harvesting, and chemical control (26) . Aflatoxigenic fungi can grow at very high temperatures (up to 48°C) and at low water potentials (-35 MPa) (24) . Under the extreme conditions associated with drought in temperate agricultural crops, aflatoxigenic fungi become very competitive and may become the dominant fungal species in soil. Drought stress also may compromise kernel integrity and health, increasing the rate of fungal infection. Cultural practices, such as irrigation, to reduce plant stress can be effective in reducing aflatoxin contamination of corn. However, irrigation is not always available or cost-effective for growers (31) .
Other cultural practices involving tillage systems and crop rotation can affect soil inoculum availability and root/soil interface (alleviating stress during later plant development) and prevent inoculum buildup (20) . These practices require further investigation to determine their effectiveness in limiting preharvest aflatoxin contamination (20) . Harvesting practices, such as altering harvesting combines to separate damaged kernels, which can contain high levels of aflatoxins, can eliminate some contamination; aflatoxins, however, diffuse away from A. flavus mycelia, and seeds with no visible evidence of fungal infection can contain significant levels of aflatoxins (18) .
Because aflatoxin buildup in the field occurs late in crop development, growers may harvest corn early at high moisture contents (26 to 28%) and dry corn by artificial methods to less than 13% moisture content. Early harvesting and rapid drying effectively stop aflatoxin accumulation (20, 32) ; however, the risk of further aflatoxin contamination has to exceed the expense involved in early harvesting and artificial drying for this practice to be employed (20) . Also, early harvesting is of limited usefulness in regions with little late-season rainfall or where maturation occurs during hot periods of the year.
Conventional methods of plant disease control, such as fungicide use, are ineffective in controlling A. flavus infection of corn when employed at concentrations that are both cost-effective and environmentally safe (1) . Because A. flavus is a wound pathogen, it is not surprising that insect damage often correlates with aflatoxin contamination of corn (30) . Employing insecticides to control insect damage and limit aflatoxin levels also has to prove costeffective and safe. As a result, conventional practices are available that may reduce aflatoxin concentrations in the field, but these practices can involve substantial, unacceptable cost to the grower.
Treating Contaminated Corn
Decontamination of aflatoxin-contaminated corn can be achieved by various physical, chemical, and biological methods (37) . Ammoniation is the most promising method (33) . Ammoniation, using either ammonium hydroxide or gaseous ammonia, reduces aflatoxin levels by more than 99% in corn (18) . However, in the United States, the FDA does not permit ammoniation as a method of reducing aflatoxin levels in feedstuffs for interstate commerce, although ammoniation is used domestically in a few states (Texas, North Carolina, Georgia, and Alabama) (18) . Decontamination of corn using ozone gas (O 3 ) may be a possible alternative to ammoniation (27) .
As stated earlier, preharvest host resistance to aflatoxin contamination of corn is potentially the best strategy for controlling contamination, because it focuses on inhibition of fungal colonization of the host plant and/or toxin production by A. flavus on the host plant. Preharvest host resistance would eliminate the need to detoxify large quantities of aflatoxin-contaminated seed and avoid the uncertainties inherent in gaining regulatory agency approval for detoxification procedures.
DEVELOPING HOST RESISTANCE THROUGH PLANT-BREEDING STRATEGIES

Limitations of Traditional Resistance-Screening Methods
Screening corn for resistance to kernel infection by A. flavus or resistance to aflatoxin production is a more difficult task than screening for most diseases. Successful screening, in the past, has been hindered (23) by the lack of (i) a resistant control, (ii) inoculation methods yielding infection or aflatoxin levels high enough to differentiate among genotypes (natural infection is undependable), (iii) repeatability across different locations and years, and (iv) rapid and inexpensive methods for assessment of fungal infection and aflatoxin levels.
Several inoculation methods, including pinbar inoculation (for inoculating kernels through husks), silk inoculation, and infestation of corn ears with insect larvae infected with A. flavus conidia, have been tried with varying degrees of success (22, 38) . The methods each can be useful; however, clarity must exist as to the actual resistance trait to be measured (e.g., husk tightness, silk traits, kernel pericarp barrier, or wounded kernel resistance) before an appropriate technique can be employed. Silk inoculation, which is possibly more dependent on plant physiological stage and environmental conditions, is the most inconsistent of the inoculation methods (28) .
Plating kernels to determine the frequency of kernel infection and examining kernels for emission of bright greenish yellow fluorescence are methods used to assess A. flavus infection (23). Although both methods can indicate the presence of A. flavus in seed, neither can provide the kind of accurate quantitative or tissuelocalization data useful for effective resistance breeding. Several protocols have been developed and used for separation and relatively accurate quantitation of aflatoxins (36, 42) .
Identification of Resistant Germ Plasm
Most efforts aimed identifying resistant corn genotypes, until recently, were successful only to a very limited extent (41) . The hindrances to resistance screening discussed above played key roles in the lack of success (35) . However, two resistant inbred lines (Mp420 and Mp313E) were discovered and tested in field trials at different locations and released as sources of resistant germ plasm (35, 43) . Pinbar inoculation was one of the methods employed in initial trials and contributed to the separation of resistant from susceptible lines (35) . Several inbred lines demonstrating resistance to aflatoxin contamination in Illinois field trials (in which a modified pinbar-inoculation technique was employed) also were discovered (7). The corn breeding population, GT-MAS:gk, is another source of resistant germ plasm. The population was derived from visually classified, segregating kernels obtained from a single fungus-infected hybrid ear (41) . GT-MAS:gk tested as resistant over a 5-year period in trials in which a kernel knife-inoculation technique was used.
The discovery of resistant germ plasm may have been facilitated by the use of inoculation techniques capable of repeatedly providing infection or aflatoxin levels high enough for genotype separation to occur. These corn lines generally do not possess commercially acceptable agronomic traits; however, they may be invaluable sources of resistance genes and, as such, provide a basis for rapid development of host-resistance strategies for eliminating aflatoxin contamination.
New Screening Methods
A laboratory kernel-screening assay (KSA) was developed and used to study resistance to aflatoxin production in GT-MAS:gk kernels (6) . KSA uses a very simple and inexpensive apparatus with bioassay trays, petri dishes, vial caps as seed containers, and chromatography paper for holding moisture (4) . Kernels screened by KSA are maintained in 100% relative humidity (RH) at a temperature favoring A. flavus (31°C) growth and aflatoxin production and usually are incubated for 7 days. Aflatoxin data from KSA experiments can be obtained 2 weeks after experiments are initiated.
KSA experiments confirmed GT-MAS:gk resistance to aflatoxin production and demonstrated that it is maintained even when the pericarp barrier in otherwise viable kernels is breached (6) . Penetration through the pericarp barrier was achieved by wounding the kernel with a hypodermic needle down to the endosperm prior to inoculation. Wounding facilitates differentiation between the resistance mechanisms and manipulation of aflatoxin levels in kernels for comparison with other traits (e.g., fungal growth and protein induction). The results of our study indicated the presence of two levels of resistance: one at the pericarp level and one at the subpericarp level. The former was supported by KSA studies that demonstrated a role for pericarp waxes in kernel resistance (16, 17) and highlighted quantitative and qualitative differences in pericarp wax between GT-MAS:gk and susceptible genotypes (34) .
KSA also confirmed sources of resistance among the inbred lines tested in Illinois field trials (4,7) . Subsequently, when selected re- sistant Illinois inbreds (MI82, CI2, and T115) were examined by KSA modified to include an A. flavus β-glucuronidase (GUS) transformant (a strain genetically engineered with a gene construct consisting of a GUS reporter gene linked to an A. flavus β-tubulin gene promoter for monitoring fungal growth), kernel resistance to fungal infection in nonwounded and wounded kernels was demonstrated both visually and quantitatively (Table 1) , as was a positive relationship between the degree of fungal infection and aflatoxin levels (4, 5) . Thus, it is now possible to accurately assess fungal infection levels and determine whether a correlation exists between infection and aflatoxin levels in the same kernels. A. flavus GUS transformants with the reporter gene linked to an aflatoxin biosynthetic pathway gene also could provide a quick, economical method of indirectly measuring aflatoxin levels (29) . KSA has several advantages that complement traditional breeding techniques (7): (i) it can be performed and repeated several times throughout the year and outside the growing season, (ii) it requires few kernels, (iii) it can detect and identify different expressed kernel resistance mechanisms, (iv) it can dispute or confirm field evaluations (e.g., identify escapes), and (v) relationships between laboratory findings and inoculations in the field can be demonstrated. Field trials are irreplaceable for confirmation of resistance; however, KSA may eliminate many preliminary field screenings and facilitate an in-depth investigation of kernel responses to fungal infection and aflatoxin production.
Molecular genetic strategies. Several of the resistant Illinois inbred lines have been incorporated into a breeding program whose major objective is to improve elite Midwestern corn lines (e.g., B73 and Mo17). In the program, a generation mean analysis mating design was employed to determine the inheritance of resistance of inbreds in crosses with B73 and Mo17 (39) . In the case of several highly resistant inbreds (Tex6, LB31, CI2, and Oh513), genetic dominance was indicated. The study (39) demonstrates that selection for resistance to Aspergillus ear rot and aflatoxin production should be effective. Also, the frequency distribution of ear rot ratings and aflatoxin production of F 3 families and backcrosses to susceptible self families of Mo17 × Tex6 and B73 × LB31 point to the possibility of success in development of resistant inbreds for use in breeding commercial hybrids (39) .
Chromosome regions associated with resistance to A. flavus and inhibition of aflatoxin production in corn have been identified by restriction fragment length polymorphism (RFLP) analysis of three resistant lines (R001, LB31, and Tex6) in the Illinois breeding program, after mapping populations were developed using B73 and Mo17 elite inbreds (40) . In some cases, chromosomal regions were associated with resistance to Aspergillus ear rot, not aflatoxin inhibition, and vice versa, whereas other chromosomal regions were associated with both traits. The results suggest that these two traits may be at least partially under separate genetic control. Also, White et al. (40) observed that variation can exist in the chromosomal regions associated with Aspergillus ear rot and aflatoxin inhibition in different mapping populations, suggesting the presence of different genes for resistance in the different resistance germ plasm identified. RFLP technology may provide the basis for employing a successful strategy of pyramiding different types of resistance into commercially viable germ plasm, while avoiding the introduction of undesirable traits.
Identification of biochemical resistance traits. Development of resistance to fungal infection in wounded as well as intact kernels would help solve the aflatoxin contamination problem (28) . Studies demonstrating subpericarp (wounded-kernel) resistance in corn kernels have led to research aimed at identifying subpericarp resistance mechanisms. When kernels of susceptible genotypes were allowed to imbibe water at 100% RH at 31°C for 3 days prior to being subjected to the KSA protocol, aflatoxin levels were drastically reduced compared with unimbibed controls (15) . Kernel proteins induced during imbibition may have inhibited fungal growth and elaboration of aflatoxins. Examination of kernel proteins of several genotypes revealed several differences between resistant and susceptible genotypes (13) and associated germination-induced synthesis of ribosome-inactivating protein (RIP) and zeamatin in imbibed susceptible kernels with decreased aflatoxin levels (14) . Both zeamatin and RIP inhibit A. flavus growth in vitro (14) . These studies (13, 14) implicate proteins as potentially involved in kernel resistance to A. flavus infection and aflatoxin production.
In a recent study (19) , two kernel proteins that may contribute to resistance to aflatoxin production were identified from resistant inbred Tex6. One protein with a molecular mass of 28 kDa inhibits A. flavus growth, while a second protein with a molecular mass of >100 kDa inhibits toxin formation with little effect on fungal growth. In another investigation (11) , an examination of kernel protein profiles of 13 corn genotypes revealed that a 14-kDa trypsin inhibitor protein is present at relatively high concentrations in 7 resistant genotypes and is present only in low concentrations in 6 susceptible genotypes (Fig. 1) . This protein exhibits strong bioactivity against the growth of A. flavus, A. parasiticus, and a morphologically diverse group of fungi (3, 10) . Comparisons of kernel protein profiles between susceptible and resistant genotypes may shorten the time it takes to identify resistance-associated proteins. The identification of these proteins may provide markers for plant breeders and facilitate the introduction of resistance through genetic engineering into other aflatoxin-susceptible crops. In our laboratory, cotton currently is being genetically transformed to express the 14-kDa trypsin inhibitor (8) . A quantitative trait loci mapping study also is underway to genetically characterize the 14-kDa trypsin inhibitor's contribution to resistance in certain corn genotypes and determine its regulation (3).
GENETIC RESISTANCE: CURRENT AND FUTURE RESEARCH
Traditionally, research involving genetic resistance to preharvest kernel infection by A. flavus and production of aflatoxins has included as part of its focus the indirect protection of developing kernels provided by husk cover and antinutritional substances in silks and the direct protection provided by kernel compounds that block fungal development and external integuments of developing kernels (26) . Also, previous investigations identified resistance to drought stress and insect damage as useful, obtainable traits (26) . Current research efforts are focused primarily on kernel pericarp resistance (morphologic and chemical) and kernel subpericarp biochemical resistance (antifungal proteins) to fungal infection. The resistant genotypes investigated generally seem to inhibit aflatoxin production indirectly through inhibition of fungal growth (4, 15) .
Studies employing KSA (4), as well as other studies (21), demonstrated that kernel embryos are colonized by aflatoxinproducing fungi before endosperm tissue. Embryo viability also is necessary for expression of kernel resistance (6) . It is possible that resistance, especially subpericarp, is a function of a kernel's ability to limit fungal colonization to a small area after wounding. Limiting fungal ingress may help prevent fungal spread through the kernel and interruption of whole-kernel expression of embryobased resistance mechanisms, denying the fungus easy access to the substrate most conducive to aflatoxin production (5). The high levels of aflatoxins detected in susceptible kernels often have been considered the primary result of fungal metabolic activity on an embryonic substrate; however, there is evidence that high levels of aflatoxins may result from later fungal activity in the endosperm (44) .
Insect damage often is positively correlated with aflatoxin contamination; however, insects probably play a more important role in the A. flavus infection process when conditions are less favorable for the fungus (30) . Under conditions more favorable to A. flavus (high temperatures and drought stress), the role of insect injury in aflatoxin contamination probably diminishes (30); A. flavus may even display limited parasitic abilities under such conditions (28) . Research efforts focusing on development of germ plasm with resistance to insect injury acting along with resistance against fungal growth and aflatoxin production could prove beneficial.
Earlier studies evaluated corn germ plasm for drought resistance and concluded that this character appeared tightly linked to yield (26) . Further investigations are needed, not only to screen, identify, and characterize drought-resistant germ plasm, but to evaluate existing sources of aflatoxin contamination resistance under drought conditions. Finally, recent elucidation of fungal aflatoxin biosynthetic pathway genes and their encoded enzymes and of regulatory genes (2) provides the potential for development of kernel mechanisms that directly inhibit aflatoxin biosynthetic pathway activity.
CONCLUSIONS
Significant control of aflatoxin contamination probably will be the result of resistant germ plasm developed either by traditional breeding or genetic engineering of plants with genes expressing either resistance against the fungus or inhibition of aflatoxin biosynthesis, especially for corn, which possesses abundant natural genetic diversity with respect to fungal infection. Naturally resistant corn germ plasm not only provides a source of resistance, but also a lesson as to the specific requirements of resistance (e.g., antifungal compounds, regulation of antifungal compounds, and physiological conditions for bioactivity). The identification of specific biochemical factors linked to resistance against A. flavus not only may contribute heavily toward eliminating aflatoxin contamination, but also may contribute to control of other fungal disease-causing agents that may be even more sensitive to plant defense compounds than is A. flavus. Recent breakthroughs in understanding the aflatoxin biosynthetic pathway allow us to understand and meet very specific conditions necessary to the process of eliminating aflatoxins. Progress made toward developing preharvest host resistance to aflatoxin contamination of corn also may provide insights into controlling other mycotoxin contamination problems.
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